Clostridium acetobutylicum is an anaerobic bacterium which produces acetone and n-butanol. Its ability to ferment pentoses has long been recognized (9, 19) . However, its ability to degrade and ferment hemicellulose was not adequately documented until recently. Lee et al. (13) reported that xylanolytic activity was widely distributed among the solvent-producing Clostridium strains. In particular, C. acetobutylicum ATCC 824 possessed xylanase, xylosidase, and arabinofuranosidase activities. Under defined conditions in a chemostat, strain ATCC 824 was able to utilize 50% of the oat spelt xylan for growth. More recently, Lemmel et al. (14) showed that C. acetobutylicum ATCC 39236 was also able to grow on xylan.
The ultimate objective of the present work was to convert xylan directly to solvents by fermentation with high efficiency. To achieve this goal, a thorough understanding of the xylanolytic system of C. acetobutylicum is essential. In the work described in this paper, two endoxylanases from C. acetobutylicum ATCC 824 were purified to homogeneity and their properties were studied.
MATERIALS AND METHODS Source of enzymes. C. acetobutylicum ATCC 824 was grown on 1.5% (wt/vol) oat spelt xylan (lot 14F-0421; Sigma Chemical Co., St. Louis, Mo.) at pH 6.0 in a chemostat as described previously (13) . A total of 17 liters of culture was collected at 4°C. Cells and particulate materials were sedimented by centrifugation at 10,000 x g at 4°C. The supernatant fluid was concentrated by ultrafiltration (13) . This concentrated material was used as the source of enzymes for purification.
Ion-exchange chromatography. A 50-ml sample of 20-foldconcentrated enzymes was chromatographed on a column of CM-Sepharose gel (2.5 by 30 cm; Pharmacia Fine Chemicals, Piscataway, N.J.). The enzymes were eluted with 150 ml of 0.02 M sodium phosphate buffer (pH 6.0) followed by 400 ml of NaCl gradient (0 to 0.5 M) and 100 ml of 1.0 M * Corresponding author. NaCl in buffer. Enzyme activities were determined as described below.
Hydroxylapatite chromatography. Enzyme solutions (5 to 20 ml) in 0.01 M potassium phosphate buffer (pH 6.0) were applied to a column of hydroxylapatite (1.5 by 25 cm; Bio-Rad Laboratories, Richmond, Calif.). Enzymes were eluted with 50 ml of 0.01 M potassium phosphate buffer followed by 300 ml of potassium phosphate gradient (0.01 to 0.6 M).
Hydrophobic chromatography. A 10-ml solution of enzymes in 0.02 M sodium phosphate buffer (pH 6.0) containing 2 M NaCl was applied to a column of Phenyl Sepharose (1.5 by 25 cm; Pharmacia). A 50-ml amount of 2 M NaCl in buffer was used to elute the unbound enzymes. This was followed by (i) 300 ml of a linear decreasing NaCl gradient (2 to 0 M) in buffer, (ii) 50 ml of buffer, and (iii) 100 ml of 1% (wt/vol) Triton X-100 in water.
Gel permeation chromatography. A 5-ml solution of concentrated enzymes in 0.05 M sodium phosphate buffer (pH 6.0) was applied to a column of Bio-Gel P-150 (2.5 by 72 cm; Bio-Rad). The enzymes were eluted with a bed volume of 0.05 M phosphate buffer.
Enzyme assay. The assays for xylanase, xylosidase, arabinofuranosidase, endoglucanase, mannanase, polygalacturonase, and arabinogalactanase were described previously (13) .
Activities against methyl cellulose (0.5%, wt/vol), lichenan (0.5%, wt/vol), and laminarin (1%, wt/vol) were assayed as described for xylanase, except that the xylan was replaced by the appropriate substrate. Methyl cellulose was obtained from Fisher Scientific Co., Fair Lawn, N.J. Lichenan and laminarin were purchased from Sigma.
For xylanase A, assays were conducted in 0.1 M sodium acetate buffer (pH 5.0), and for xylanase B, activities were assayed in 0.1 M sodium phosphate buffer (pH 6.0).
One unit of enzyme activity was defined as that amount of enzyme which released 1 For the identification of xylo-oligosaccharides, previously prepared standards (13) were used. Substrate hydrolysis. The assay for the hydrolysis of larchwood xylan by the xylanases was similar to that previously described (13) . The percent hydolysis of xylan was calculated in a similar way to that of acid-swollen cellulose as described below. Acid-swollen cellulose (0.5%, wt/vol) was hydrolyzed by 0.02 U of xylanase A per ml in 0.1 M ammonium acetate buffer (pH 5.0). Samples were taken at 0, 5, 11, 22, and 34 h. The reactions were stopped by boiling for 10 min. The cellulose was sedimented at 5,000 x g. Reducing sugars (RS) released were measured by the method of Nelson and Somogyi (1). Percent hydrolysis was calculated as (micromoles of RS as glucose/micromoles of cellulose as glucose) x 100. Acid-swollen cellulose was prepared as described previously (12) .
Individual xylo-oligosaccharides (500 ,g. ml-') were incubated with 0.008 U of xylanase A per ml for 15 h or 0.045 U of xylanase B per ml for 24 h at 39°C in ammonium acetate buffer at pH 5.0 (for xylanase A) or pH 5.5 (for xylanase B). The reaction was stopped by boiling for 5 min. Hydrolysis products were analyzed by HPLC.
IEF-PAGE. Analytical isoelectric focusing-polyacrylamide gel electrophoresis (IEF-PAGE) was performed by using a Bio-Rad Bio-phoresis horizontal electrophoresis cell. Power was supplied by a model 3000/300 power pack (BioRad). The gel (C = 3.6%, T = 8%, 1.5 mm thick) containing 10% glycerol, 10% glycine, and 2% ampholine (pH range, 3.5 to 10.0, LKB-Produkter AB, Bromma, Sweden), was prefocused for 15 min each at 0.7, 1.4, and 2.0 W-cm of gel-'. Samples were applied in template wells at a distance of approximately 1/3 of the gel length from the cathode. Samples were focused at a constant power (2.0 W-cm of gel-') for 1 h. The approximate initial and final voltages were 300 and 2,000 V, respectively. The anolyte and catholyte were, respectively, 1 N H3PO4 and 1 M NaOH. Isoelectric points were determined by using the broad-range standard protein markers (Pharmacia).
Zymograms were prepared by overlaying the gel with a layer of agarose (1%, wt/vol), which was supported by a gel bond film (Bio-Rad), and incubating it at 37°C for 30 to 60 min. The agarose contained 0.1% (wt/vol) of the purified xylan from aspen wood (kindly provided by C. R. Mackenzie Purification of xylanase A. On CM-Sepharose chromatography, the xylanases of C. acetobutylicum ATCC 824 were separated into two peaks (Fig. 1) . Peak A, which failed to bind to the gel, contained xylosidase and arabinofuranosidase activities in addition to the xylanase activity. Peak B, which was eluted in the NaCl gradient, was devoid of xylosidase and arabinofuranosidase activities.
The peak A xylanase and arabinofuranosidase were separated from the xylosidase by hydroxylapatite chromatography (Fig. 2) . The major xylosidase was further purified (11).
The xylanase was separated from the arabinofuranosidase, which bound irreversibly to the gel, into a major and a minor FRACTION NO .  FIG. 3 . Hydrophobic chromatography of the xylanase from hydroxylapatite chromatogrpahy (Fig. 2) . The Phenyl Sepharose column (1.5 by 25 cm) was equilibrated with 2.0 M NaCl in 0.02 M sodium phosphate buffer (pH 6.0). Enzymes were eluted with 50 ml of the starting buffer, followed by a 300-ml NaCl gradient (2.0 to 0 M) in buffer, 50 ml of 0.02 M sodium phosphate buffer, and 100 ml of 1% (wt/vol) Triton X-100 (.l). Fractions (4 ml) were collected. Symbols; 0, xylanase; --, A260; ---, NaCl gradient. peak by hydrophobic chromatography (Fig. 3) . The minor peak represented approximately 25% of the peak A xylanase and was not further studied. The major xylanase absorbed strongly to the gel and could be eluted with 1% (wt/vol) Triton X-100. This xylanase was freed from the detergent by chromatography on hydroxylapatite. The resulting enzyme was chromatographed on Bio-Gel P-15O. SDS-PAGE analysis of the enzymes after gel filtration showed that it was homogeneous and was denoted as xylanase A (Fig. 4) . A summary of the purification is shown in Table 1 . Purification of xylanase B. The peak B xylanase from CM-Sepharose chromatography (Fig. 1) was chromatographed onto a hydroxylapatite column. The chromatographic pattern is shown in Fig. 5 . The xylanase was homogeneous after this step, as indicated by SDS-PAGE (Fig. 4) . Table 1 protein-l. Xylanase A showed optimal activity at pH 5.0 and was stable from pH 5.5 to 7.0 (Fig. 6A) . Xylanase B displayed optimal activity at pH 5.5 to 6.0 and was stable from pH 3.5 to 7.0 (Fig. 6B) hydrolyzed only 8% of the xylan. HPLC analysis of samples taken at 0, 1, and 4 h showed that the initial hydrolysis products by both xylanases were very similar, i.e., they had various chain lengths (Fig. 7) . The 23-h sample showed that the end products of hydrolysis by xylanase A were X6, X5, X4, X3, and X2, while the end products of hydrolysis by xylanase B were essentially only X3 and X2.
The ability of the two xylanases to attack xylooligosaccharides was tested by incubating individual oligosaccharides with the enzymes. After 15 h of incubation with xylanase A, X6 was hydrolyzed to X4 and X2, but X5, X4, X3, and X2 were not degraded. X6, X5, and X4 were readily hydrolyzed by xylanase B to X3, X2, and a trace of X after a 24 h of incubation, while X3 was slightly degraded and X2 was completely unattacked (Fig. 8) .
Substrate specificity. The ability of the xylanases to hydrolyze various polysaccharide substrates was examined (Table   K) 2). Xylanase A, in addition to degrading xylan, also hydrolyzed carboxymethyl cellulose, acid-swollen cellulose, and lichenan (a 131-4-;P1-3-alternated glucose polymer). It was unable to degrade laminarin, a P1-3-linked glucose polymer, mannan, polygalacturonic acid, or arabinogalactan. It had no Immunological analysis. The antiserum raised against the purified xylanase B had an antibody titer of 1:400. This antiserum was used to test the cross-reactivity of the two xylanases. The antiserum reacted with xylanase B but not with xylanase A or the purified xylosidase (Fig. 9 ).
DISCUSSION
Two xylanases from C. acetobutylicum ATCC 824 were purified to homogeneity by column chromatography. Xylanase A, which has an acidic isoelectric point, cleaved larchwood xylan randomly, yielding products with chain lengths of 4 and greater during the initial hydrolysis. On prolonged incubation, X2, X3, X4, X5, and X6 accumulated as end products of hydrolysis (Fig. 7A) . Such a hydrolysis pattern is typical of an endoxylanase. During the prolonged incubation, the disappearance of X7 and longer-chain products was apparent, and this indicates that the enzyme was also able to attack oligosaccharides. This property of endoxylanase is well documented among other organisms (17, 18, 21 (24) , and eucaryotes, e.g., Trichoderma reesei QM9419 (4) and Aspergillus niger (7) .
Xylanase B was inactive on carboxymethyl cellulose and acid-swollen cellulose. It was active against lichenan but not against laminarin, which indicates that the bonds cleaved in lichenan were 11-4 linkages. The fact that it was not able to hydrolyze cellulose suggests that the alternated ,13-4 and 131-3 linkages of lichenan may have simulated the structure of xylan.
The two xylanases from C. acetobutylicum ATCC 824 displayed general properties comparable to those in the literature. The high isoelectric point of xylanase B (8.5) is not an exclusive property. The xylanase B of B. circulans has a pl value of 9.1 (6) , and the endoxylanase of T. pseudokoningii has an isoelectric point of 9.6 (2) . Xylanase A of C. acetobutylicum ATCC 824, on the other hand, has an acidic pI, of 4.45. Xylanases with acidic isoelectric points are common among both procaryotes (3, 6) and eucaryotes (22) . The pH and temperature for optimal catalytic activity are within the range reported in the literature (see reference 5 for a review).
The specific activity of the purified xylanases ranges from (Fig. 9) ; hence, they are presumably encoded by two separated genes.
